l^ress Mail Label No.: EV02l749409US^ 


TITLE: ' HIGH-CAPACITY SULFUR ADSORBENT BED AND • 

GAS DESULFURIZATION METHOD 

INVENTORS: SAI P. KATIKANENI 
SANJAY C. PARAB 


DOCKET: 


B429-060 


HIGH^CAPACITY SULFUR ADSORBENT BED AND GAS DESULFURIZATION 

METHOD 


Background of the Invention 

This invention relates to fuel cells and, in particularj to a fuel processing system for use 
vvith such fiiel cells. - ' ■ 

A fuel cell is a device which directly converts chemical energy stored in hydrocarbon fuel 
into electrical energy by means of an electrochemical reaction, Generally, a fuel cell comprises 
10 an anode and a cathode separated by an electrolyte, which serves to conduct electrically charged 
ions. Molten carbonate fuel cells operate by passing a reactant fiiel ga$ through the anode, while 
oxidizing gas is passed through the cathode. In order to produce a useftil power level, a number 
of individual fuel cells are stacked in series with an electrically conductive separator plate 
. between each cell. 

15. Current fuel cell technology requires clean fuel gas composed of hydrogen or a mixture 

of hydrogen and carbon monoxide, which can be generated from hydrocarbon-containing 
feedstocks such as natural gas, petroleum-based liquids or coal through a reforming process. 
' Most by drocarbon-:Containing feedstocks contain sulfur, which causes refomiing and anode 
catalyst poisoning and is known to significantly diminish the performance of fuel cell anodes and 

20 reforming catalysts. Therefore, as part of the reforming process, sulfur and sulfur-containing 
compounds have to be removed from the fuel gas to a part per billion level before the fiiel gas . 
enters the fuel cell. . 

The present state-of-the-art uses a combination of a hydrodesulfurization reaction with a 
zinc oxide adsorption bed in order to remove sulfur-containing compounds from the fuel gas. 

25 This method is generally- used to remove sulfiir-containing compounds, particularly mercaptan 


odorant -compounds, from natural gas fuel. Hydrodesulfurization reaction is accomplished by 
reacting sulfur-contaiaing compounds in the fuel w^^^ 

sulfide. During the hydrodesulfurization reaction, the fuel is passed over a catalyst where sulfur- 
containing compounds in the fuel react with hydrogen to produce Jtiydrbgen sulfide, or, 

5 alternatively, sulfur-containing compounds in the fuel can be reacted with hydrogen at 
temperatures above 570 d^egrees Fahrenheit (hot gas desulfuri 

In a conventional hot gas desulfurization system, fuel ga$ is mixed with recycled 
reformed gas prior to entering a heat exchanger, where it is heated to 57Q-750 degrees Fahrenheit 
arid undergoes a reaction with the hydrogen in the recycled refbrmed gas to produce hydrogen 

10 sulfide (H2S). The fuel gas is then delivered to a desulfurizer Vvhere the H2S is removed from the 
fiiel gas by adsorption in a zinc oxide bed. The resulting desulfurized fuel gas may then be 
delivered to the fuel processor of the fuel cell. 

In the hydrbdesulfurization system using a catalyst, the catalyst is used to react the sulfur- 
containing compounds in the fuel with the recycled hydrogen to produce hydrogen sulfide. In 

15 such a system, the fiiel gas and the recycled reformed gas are first mixed and heated in the 

preheater vessel, after which the gas mixture is delivered to a hydrodesulfurization section. This 
section includes a hydrodesulfurization catalyst and a zinc oxide adsorbent in a single vessel. 
When the fuel gas mixture enters the hydrodesulfurization section, the sulfur-containing 
compounds are irreversibly converted to hydrogen sulfide (H2S) by the hydrodesulfurization 

20 reaction over the hydrodesulfurization catalyst, and the resulting H2S is adsorbed by the zinc 
oxide prior to exiting the hydrodesulfurization system. 

Conventional desulfurization systems have also used multiple adsorbent beds to reniove 
sulfur from fuel. For exanaple, U.S. Patent No. 3,620,969 teaches the use of two beds of 
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crystalline zeolitic molecular sieve material piped so that when one bed is on the adsorption 
stroke, the other bed is being regenerated by purging and cooldown. In addition, U.S. Patent No. 
5,720,797 describes a pressure swing adsorption-desorptipn process for recovering sulfur 
hexajfluoride from a gas stream using zeolites, activated. carbons or silicates as adsorbents. 

5 As can be appreciated from the abpye, the conventional hydrodesul^^ 

require high temperature and a hydrogen recycling system which supplies sufficient hydrogen 
concenttation to convert sulfur-containing conipbunds to hydrogen sulfide. Moreover, depending 
on the hot desulfurizer operating temperature, an additional hcjat exchanger may be required to 
heat the gas to the required teniperature. . \, 

10 - With respect to the conventional activated carbon adsorbent systems, activated carbon 

adsorbents are selective to remove only certain types of sulfurr containing compounds and are not 
able to trap all organic and inorganic sulfur-containing compounds that are present in . : 
hydrocarbon-containing feedstocks. Particularly, most of the activated carbon adsorbents are 
unable to trap certain low molecular weight organic compounds such as dimethyl sulfide (DMS) 

15 and ethyl methyl sulfide (EMS). 

. In addition, the capacities of conventiorial adsorbent bed systems are relatively low to 
meet the size constraints of fixel cell systems, having a life of approximately 2 to 3 months. As a 
result, conventional systems are not very cost effective. Furthermore, conventional systems using 
multiple beds use the same adsorbent in each of the beds for continuous operation and thus are 

20 not able to remove all types of sulfur-containing conipounds. 

it is therefore an object of the present invention to provide a fuel processing system for 
fuel cells which is better able to remove all types of sulfur-containing compounds. 
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It is a further object of the invention to provide a high-capacity fuel processing system for 
fuerceUs which has an increased Ufe and is cost effe^^ 

Summary of the Invention 
In accordance with the principles of the invention, the above and other objectives are 
" 5 realized in a fuel cell fuel processing system and method wherein a first adsorbent bed is 
provided for adsorption of high molecular weight organic sulfur-containing compounds and 
inorganic sulfufrcontaining compounds, and a second adsorbent bed is provided for adsorption of 
low molecular weight organic sulfur-containing compounds, and wherein the adsorbent beds are 
arranged such that the fuel to be processed passes through one of the first and second beds and, . 
10 thereafter through the other of the first and second beds. Preferably, the first and second beds are 
disposed in a common reaction vessel with the second adsorbent bed following the first 
adsorbent bed relative to the direction of the flow of the fuel being .processed. . . 

Brief Description of the Drawings 
, The above and other features and aspects of the present invention will become more 
15 apparent upon reading the following detailed description in conjunction with the accoiiipanying 
drawings, in which: : 

FIG.^ 1 shows a fuel processing system, in accordance with the principles of the present 
invention; 

FIG. 2 shows a view of a high-capacity sulfur adsorbent bed utilized in the fuel 
20 processing system of FIG. 1; 

FIG. 3 shows relative capacity data of different adsorbents; and 

FIG. 4 shows relative capacity data of advanced ambient temperature adsorbents. 
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Detailed Description 

FIG. 1 illustrates a fuel processing systeni 100 in accordance with the principles of the 
present invention. The fiiel processing system ICQ is supplied with fuel from a fuel supply, . 
shown as fuel gas supply 101, and delivers processed fuel to a fuel cell system 120. The 
5 processing system 100 includes supply control valves 101 A and 101 B, a heat exchanger l02, a 
desulfurizer assembly 106, a fuel gas filter 1 18, a purge line 128 and a gas purge 126V Delivery 
. or connecting conduits or lines 104 connect these components and valves 110 through 1 17 in the 
lines 104 control the flow of gas therethrough. As shown, the desulfurizer assembly 106 includes 
t\yo like desulfurizers 106 A and 106B which are configured to remove sulfur in accordance with 
10 the principles ofthe present invention. ■ . ' 

In ap overview of the operation of the fuel processing system 1 00, fuel gas containing 
sulfur compounds from the fuel gas supply 101 is coupled to the system through the opening of 
the supply control valves 101 A and lOlB. The gas flows through the heat exchanger 102, which ; 
acts to maintain a uniform temperatiire ofthe gas. After exiting the heat exchanger, the fuel gas 
15 is then delivered to the desulfurizer assenibly 106 which carries out a sulfur adsorption process 
. to remove sulfur-containing cornpounds from the gas. The desulfurized fuel gas exiting the 
assembly 106 is conveyed via a line 104 to the filter 118, The filter 118 removes particulate 
rnatter, such as carbon and zeolite particles, from the desulfurized fuel gas and the resultant gas 
is delivered to the fuel cell system 120. 
20 As above-mentioned and as shown in FIG. 1, the desulfurizer assembly 106 includes the 

desulfurizers 106A and 106B which are connected via the lines 104 and the control valves 1 10- 
. 117. With this arrangement, the desulfurizers 1 06A and 1 06B can be operated in series, where 
the fuel gas is processed by both desulfurizers 106 A and .106B prior to being delivered to the fiiel 
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cell system. The desulfurizers can also be operated in a "lead lag" system, where one of the 
desulfurizers 106 A or 106B is operated in "lead" mode while the other desulfurizer is in a "lag" 
mode. Additionally,, the desulfurizers can be operated in parallel, where one of the desulfurizers 
106A or 106B is operational while the other desulfurizer is in a "standby" mode. 

5 In series operation, the valves 1 1 0-1 1 3 are opened and the valves 1 1 4^ 1 1 7 closed. In this 

case, as a result of the open valve .110, fiiel gas is first delivered to the desulfurizer 106A via a 
line 104. After undergoing a sulfur adsorption process in tiie desulfurizer 106 A, the fuel gas 
passes to the second desulfurizer 1 06B via a line 1 04 as a result of the open valves 1 11 and 112. 
After undergoing a further sulfur adsorption process in the desulfurizer 1 068, the desulfurized 

1 0 fuel is carried thi'ough the valve 1 1 3 to the filter 1 1 8, and from there to the fuel cell system 1 20. 

In "lead lag" operation, as mentioned above, the desulfurizers 106 A and lO^B are also 
operated in series, but in alternating cycles. In this case, one of the desulfurizers acts as the 
"working", or the "lead", unit to remove almost all of the sulfiir-coritaining compounds at the 
beginning of a treatment period, and the other desulfurizer is in the "lag" mode and acts to polish 

15 the fuel gas by further removing sulfur-containing compounds. When the "lead" desulfurizer is 
exhausted, the fuel gas flow is directed to the other desulfurizer in the "lag" mode, while the 
spent adsorbent material is removed from the "lead" desulfuzer. The "lagged" desulfiirizer theii 
becomes the "lead" unit, and the previously "lead" desulfurizier, with new adsorbent ruaterial, 
operates in the "lag" mode. "Lead lag" operation allows one of the desulfurizers to be changed of 

20 regenerated while maintaining continuous operation of the fuel processing system 100. 

If the desulfurizer 106 A operates as the "lead", unit and the desulfurizer 106B is in "lag" 
. mode (a condition which results from opening valves 110-113 and closing valves 114-117), the 
fuel gas is carried from the heater 102 through the open valve 1 10 to the desulfurizer 106A. After 
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undergoing a sulfiir adsorption process in the desulfurizer 106A, the fii^l gas is carried through 
the open valves 1 1 1 and 1 12 to the desulfurizer 106B where the fuel gas is polished by further 
removing sulfur-containing compounds. The fuel gas is then carried through the filter 1 1 8 and is 
then delivered to the fuel cell system 120. During this operation, as mentioned above, the valves 

/5 114-1 17 remain closed. 

After the '1ead'^ desulfurizer 106 A is exhausted, the fo^ 
desulfurizer 1 06B by opening the valve 1 1 4 and by closing the valves 110-112. During this 
operation, no fuel gas passes through the desulfurizer 106 A and the adsorbent material in the 
desulfurizer 106 A can be changed or regenerated^ 

10 After the desulfurizer 1 06A is regenerated, the desulfurizer 1 06B. beconies the "lead" unit 

and the desulfurizer 106A 'is in "lag" mode (a condition which results from opening valves 115- 
1 17 and closing valve 1 13). The fuel gas in this case is carried from the heater 102 through the 
open valve 114 to the desulfurizer 106B. After undeirgoing a sulfur adsorption process iii the 
desulfurizer 106B, the desulfiirized fiiel gas is delivered to the desulfurizer 106 A via the open 

15 valves 1 1 5 and 1 16. The gas is fiirther desulfurized in the unit 106A and is then delivered to the 
filter- 118 through the open valve 1 17 and from the filter 1 18 to the fiiel cell system 120. During 
this operation, as indicated previously, the valves 110-113 remain closed. 

As mentioned above and described more fully below, the desulfurizers can also be 
, operated in parallel, where one of the desulfurizers 106 A or 106B is operational at any given 

20 time, i.e. fuel gas is being passed through the one desulfurizer, while the other desulfurizer is in a 
"standby" mode. Such operation allows the desulfurizer in "standby" to be changed or 
regenerated while maintaining continuous operation of the fu^ 
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If the desulfurizer 106 A is operational and the desulfurizer 106B is in "standby" niode (a 
condition which results from opening valves 1 10 and 117 and closing valves 111-116), the fuel 
gas is carried from the heater 1 02 through the open valve 1 1 0 to Uie desulftirizer 1 06A, After 
undergoing a sulfur adsorption process in the desulfurizer 106 A, the fuel gas is carried through 
the open valve 117 to the filter 118 and is then delivered to the fuel cell system 120. During this 
operation, as mentioned above, the valves 111-116 remain closed and no fuel gas passes through 
the desulfurizer 106B. 

If the desulfurizer 106B is operated and the desulfurizer l p6A is in "standby" mode (a 
condition which results from opening valves 113 and 1 14 euici closing valves 1 IOtI 12 and 115- 
1 1 7), the fuel gas is carried fwra the heater 1 02 through the open valve 1 14 to the desulfurizer 
1 068. After undergoing a sulfur adsorption process in the desulfiirizer 1 06B, the desulfurized 
fiael gas is delivered to the filter 118 through the open valve 113 and then to the fuel cell system 
120. During this operation, as indicated previously, the valves 1 10^1 12 and 115-117 remain 
closed so that no fuel gas is delivered to the desulfurizer 106 A. 

As illustrated in FIG. l,.the fuel processing system 100 is also provided with a purging 
system comprising a purge gas supply 126 and a purge line 128. The purging system may be 
used to eliminate air and moisture from the fiiel processing system 100 prior to supplying the 
fuel gas from the fuel gas supply system 101 or to purge fuel during bed changeover, In 
operating the purginjg system, purge gas, such as, for example nitrogen, is delivered from the 
purge gas supply system 126 into the fuel processing system 100 through valves 126A and 126B, 
After being carried through the fuel processing system 100, a mixture of purge gas, air and 
moisture is removed from the system 100 through the valves 128 A and 128B to the purge line 
128. 


As discussed above, each of the desulfurizers 1,06 A and 106B is pf similar construction 
and each is designed, in accordance with the principles of the present invention, to efficiently 
remove sulfur-cpntaining compounds froni the fuel supply gas. FIG. 2 shows, schematically the 
construction of the desulfurizer 106 A. In accordance with the. invention, and as shown in FIG. 2, 
5 the desulfurizer 106 A comprises a high-capacity sulfur adsorbent bed 200; In particular, the bed 
200 includes a first adsorbent bed 202 for trapping inorganic sulfur-containing compounds and 
high molecular weight (molecular weights g^^ 

compounds, and a second adsorbent bed 204 for trapping low molecular weight (molecular 
weights equal to or less than 65) organic sulfur-containing 

.10 In the ease shown, the first adsorbent bed 202 comprises a copper and chromium 

impregnated Activated carbon. This material traps high molecular weight organic sulfur- 
containing compounds and inorganic sulfur-containing compounds as the fuel gas is carried 
through the bed. High molecular weight organic sulfur-cpntainirig compounds include, but are 
not limited to, mercaptans (M), thiophene (T) and tetrahedro thiophene (THT). Inorganic sulfur- 

15 containing comppurids include, but are npt limited to carboriyl sulfide (C) and hydrogen sulfide 

(H). ■ . . . • ■■. v • ■ . ' ■ 

The second adsorbent bed 204, in the case shown, comprises molecular sieves, such as 
zeolites, which are aluminpsilicate crytalline polymers having a three-dimensional 
interconnecting network of silica and alumina tetrahedra. The zeplite-based adsorbent bed 204 

20 has a unique pore size and traps low molecular weight organic sulfur-cpntaining comppunds as 
the fuel gas is carried through the bed. The latter compounds are less than or equal to 65 in 
molecular weight and include, but are not liniited to, dimethyl sulfide (DMS) 210 and ethyl 

• methyl sulfide pEMS).212. - V 


In the illustrative embodiment of FIG; 2, the copper^based activated carbon adsorbent 
202 is firstly disposed in the desulfurizer vessel 1 06 A in relation to the direction of the flow or 
flow path 201 of the fixel gas and to the entrance of the fuel gas into the desulfurizer vessel. The 
zeolite-based adsorbent 204 then follows the bed 202 in the direction of the flow path: 

5 The copper-based activated carbon adsorbent bed 202 niay contain a copper-chromium- 

based activated cairbpn manufactiired by NORIT Americas, Inc. The zeolite^based adsorbent bed 
may contain a sodium-zeolite adsorbent nianufactured by Engelhard Corporation. As can be 
appreciated, the optimal design of the adsorbent bed 200/ will vary with the type of fuel gas being 
processed, the residence time of the fuel gas in the bed, the shape and size of the solid adsorbent, 

10 the concentration levels of sulfur^containing compounds, the amount of gas to be treated and , 
other factors. An illustrative example of a bed construction will be described later on herein 
belpw. 

FIG. 3 shows a bar graph of relative perfonnance data for the copper-based activated 
carbon adsorbent and the zeolite-based adsorbent used in beds 202 and 204 as compared to 

15 relative performance data for a conventional baseline potassium hydroxide irnpregnated activated 
carbon sulfur adsorbent. The Y-axis in FIG. 3 represents the relative capacity of each adsorbent, 
based on the weight percentage of sulfur-containing compounds removed before the exit 
concentration of sulfur-containing compounds exceeds an acceptable sulfur concentration of 100 
parts per billion by volume. The relative capacity of each adsorbent is directly related to the 

20 performance of each adsorbent. 

As shown in FIG. 3, the relative capacity of the baseline adsorbent is much lower 
(approximately 4 times lower) than the relative capacityof each of the adsorbents used in the 
high-capacity sulfur adsorbent bed 200 of the invention. More particularly, the adsorbent 
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capacities of the copper-based activated carbon adsorbent and the zeolite-based adsorbent of the 
bed 200 are approximately thr^e times higher than the capacity of the conventional KQH-based 
activated .cm"bon adsorbent. Higher, adsorbent capacities of tihe copper-based activated carbon 
adsorbent and the zeolite-based adsorbent result in a longer life of the high-capacity sulfur 
5 adsorbent bed 200 as compared to the life of conventional sulfur adsorbent beds. 

FIG. 3 also shows the relative capacity of a copper-chromium-based activated carbon 
adsorbent bed which can be used as an alternative to the copper-based activated carbon adsorbent 
bed used for the bed 202. As shown in FIG, 3, the adsorbent capacity of the copper-ehfomiuni- 
based activated carbon adsorbent is approximately sirnilar to the adsorbent capacity of the 

10 copper-based activated carbon adsorbent. However, the copper loading on the copper-chrornium- 
based activated carbon adsorbent is lower, resulting in lower cost compared to the high-loading 
.in copper-based adsorbent. Accordingly, a copper-chromiurn-based activated carbon adsorbent is 
a more diesirable adsorbent for the bed 2^^^^ 

FIG, 4 is a bar graph comparing the relative capacities of conventional single-b9d designs 

15 using copper-chromium-based activated carbon adsorbent and sodium-zeplife adsorbent with the 
relative capacity of the dual bed high-capacity sulfur adsorbent bed of the invention. The relative 
capacity of each adsorbent bed was tested under similar conditions. As can be seen in FIG, 4, the 
dual bed construction of the invention, as illustrated in FIG. 2, provides three times better 
capacity over a conventional single bed design using either one of the same adsorbents alone. 

20 The improved performance of the dual bed design of FIG. 2 provides increased operating life and 
increased adsorbeiit capacity for sulfiir-containing compounds. 

A detailed description of an illustrative configuration for the dual-bed 200 of the 
desulfurizer 106A of FIGS, 1 and2 now vsd^ . 
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The high-capacity sulfur adsorbent bed 200 has been optimized for desulfurization of 
natural gas to be supplied to a 250 kilo Watt fuel cell power plant. The bed 202 comprises a 
copper-chromium-based activated carbon adsorbent containing at least 5% copper by weight and 
at least 2% chromium by weight, and having a volume of 15 cubic feet. The bed 204 is a zeolite 

5 based adsorbent bed having a vplume of 2 cubic feet. Each of the adsorbent beds is 6 feet in 
length and 24 inches in diameter. The optimal operating temperature range of the bed 200 is 
between 50 and 120 degrees Fahrenheit, the optimal operating pressure range is between 10 aiid 
100 psig and the gas hourly space velocity of the fuel gas is between 100 and 500 per hour (h*'). 
Test results have shown that a desulfurizer of this construction will reduce a 2 parts per million 

10 concentration of sulfiar-contaimrig compounds in the natural gas, including a 100 parts per billion 
concentration of DMS, to a total concentration of less than 1 0 parts per billion of sulfur- 
containing compounds. The life of a bed designed according to this construction is estimated at 
approximately between 9 and 12 months, which is three to four times the average life of 
adsorbent beds using a conventional KOH-based activated carbon adsorbent. 

15 A bed of this construction may also be used for the desulfiirization of propane gas with 

up to 200 parts per million concentration based on the volume of total sulfur. However, because 
propane gas has higher sulfur levels, the breakthrough concentrations will be reached faster than 
when the bed is used to desulfurize natural gas. 

In all cases it is understood that the above-described arrangements are. merely illustrative 

20 of the rnany possible specific embodiments which represent applications of the present invention. 
Numerous and varied other arrangements can be readily devised in accordance with the 
principles of the present invention without departing from the spirit and the scope of the 
invention. Thus, for example, various modifications of the adsorbent bed construction of the 
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invention niay be made to optimize the residence time and space velocity of the fuel gas as it is 
being passed through the bed. Moreover, other high-capacity adsorbents may be used in the bed 
of the invention in lieu of those discussed above. 
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